Abstract: Quantitative data on digestive anatomy of the world's largest ruminant, the giraffe, are scarce. Data were collected from a total of 25 wild-caught and 13 zoo-housed giraffes. Anatomical measures were quantified by dimension, area or weight and analysed by allometric regression. The majority of measures scaled positively and isometrically to body mass. Giraffes had lower tissue weight of all stomach compartments and longer large intestinal length than cattle. When compared to other ruminants, the giraffe digestive tract showed many of the convergent morphological adaptations attributed to browsing ruminants, for example lower reticular crests, thinner ruminal pillars and smaller surface area of the omasal laminae. Salivary gland weight of the giraffe, however, resembled that of grazing ruminants. This matches a previous finding of similarly small salivary glands in the other extant giraffid, the okapi (Okapia johnstoni), suggesting that not all convergent characteristics need be expressed in all species and that morphological variation between species is a combination of phylogenetic and adaptational signals. 
Summary

23
Quantitative data on digestive anatomy of the world's largest ruminant, the giraffe, are scarce. Data 24 were collected from a total of 25 wild caught and 13 zoo housed giraffes. Anatomical measures were 25 quantified by dimension, area or weight, and analyzed by allometric regression. The majority of 26 measures scaled positively and isometrically to body mass. Giraffes had lower tissue weight of all 27 stomach compartments and longer large intestinal length than cattle. When compared to other 28 ruminants, the giraffe digestive tract showed many of the convergent morphological adaptations 29 attributed to browsing ruminants, e.g., lower reticular crests, thinner ruminal pillars and smaller 30 surface area of the omasal laminae. Salivary gland weight of the giraffe, however, resembled that of 31 grazing ruminants. This matches a previous finding of similarly small salivary glands in the other 32 amounts of grass in their diet to the effect that they are either considered strict grazers or mixed 49 feeders (Codron and Clauss, 2010). The difference between these two types is currently thought to be 50 related to a difference in the amount and viscosity of saliva they produce: whereas the 'moose-type' 51 is thought to produce lesser amounts of a more proteinaceous (and hence viscous) saliva due to the 52 inclusion of tannin-binding proteins, the 'cattle-type' produces larger amounts of a more watery 53 Data on digestive tract anatomy of other species of ruminants were compiled from the literature and 117 classified as having either a 'moose-type' or 'cattle-type' digestive tract (Clauss et al., 2010a) In 149 a few species, data from more than one source was available. In such cases, a weighted average of 150 BM and the anatomical measure was calculated based on the number of animals included in each 151 study. 152
To determine the relation between BM and anatomical measures in the giraffe, data were ln-153 transformed and allometric regression analysis was used to determine the coefficients of the 154
, where Y = the anatomical measure and BM = body mass in kg. 155
Origin of the giraffes (wild or captive) was not included as an explanatory variable in the model due 156 to a limited overlap in BM range. There did not appear to be any systematic differences in any of the 157 anatomical measures between zoo and wild giraffes, when inspecting the data graphically. The one 158 exception to this was reticulum height and width measures, which were substantially less and with 159 greater variation in the zoo giraffes. Thus, for the two reticulum measures, data from captive giraffes 160 (n = 4) were excluded from the data set. Data from the two calves were not included in the regression 161 analysis of any of the measures. The hypothesis of isometric scaling was accepted if 0.33, 0.67 and 162
1.00 was included in the 95% confidence interval (CI) of the BM exponent (β) of dimensions, areas 163 and weights, respectively. 164
To compare giraffes to domestic cattle as well as 'moose-type' ruminants to 'cattle-type' ruminants 165 in general, species (giraffe or cattle) or digestive tract type ('moose-' or 'cattle-type') was added as 166 an explanatory variable to the allometric regression model described above, i.e., ln Y = + 167
ANOVA was used for step-wise model reduction. All statistical analyses were performed using the 169 statistical software R, version 2.15.0 (R Development Core Team, Vienna, Austria, 2012). The 170 significance level was set to 0.05, with values up to 0.10 considered as trends. 171
Results and discussion
172
The stomach of the giraffe was comprised of a rumen, reticulum, omasum and abomasum as in all 173 other true ruminants (Figure 1 and 2a-d) . The rumen was the largest compartment followed by the 174 abomasum, then the reticulum and the omasum, which is in agreement with previous findings in 175 giraffes (Hofmann, 1973) . The stomachs of the two calves followed the same pattern, though the size 176 of the abomasum in relation to the forestomachs was much greater (Figure 2d ). Reticuloruminal 177 tissue weight and all external rumen dimensions were positively related to BM, whereas external 178 reticulum dimensions were not affected by BM (p >0.1; Table 2 ). Internally, reticular crest height 179 was positively related to BM, while the caudal ruminal pillar thickness only tended to correlate 180 positively to BM (p = 0.056, Table 2 ). Thickness of the cranial ruminal pillar was independent of 181 BM (p = 0.233). The absence of a significant effect of BM on ruminal pillar thickness indicates that 182 these structures are rather fixed, while the rumen wall is continuously expanding. Omasal leaves of 183 first, second, and third order were identified in all giraffes investigated, while only very few fourth 184 order leaves were sporadically observed. The first, second and third order leaves were present in the 185 repeated sequence of 1 st -3 rd -2 nd -3 rd , see Figure 2E . All omasal and abomasal measures scaled 186 positively to BM (Table 3 and 4). Tissue weights and lengths of the SI, cecum and total LI (cecum, 187 colon and rectum) all correlated positively to BM, while the ratio of SI : total LI length decreased 188 with increasing BM (Table 5) , which means that the total LI was relatively longer in larger animals. 189
The weight of both the parotid and mandibular salivary glands scaled positively to BM (Table 6 ). may have been reduced in the wild caught giraffes, but not necessarily to the same extent. In 213 addition, gastrointestinal organ weights are highly susceptible to differences in dissection methods, 214 which might also contribute to variation between studies. Dissection protocols should be clearly 215 stated, for instance with regard to level of trimming away of associated tissues, rinsing with water 216 and drying procedures. In this study, great care was taken to trim and clean the organs before 217 weighing, which may contribute to the lower reticulorumen tissue and salivary gland weight found in 218 this study. 219
The scaling exponent of BM was as expected for all measures, except for total LI length, and weight 220 of the parotid glands and SI tissue. Since SI length scaled to BM as expected, but the SI tissue weight 221 scaling was lower, the thickness of the tissue must decrease as the intestines elongates in ontogeny. 222
A decrease in tissue mass with elongation was observed for LI as well, where the BM scaling 223 exponent was higher for length than for tissue weight. Although the expected isometric scaling 224 exponent was within the 95% CI of the BM exponent of most measures, some had a very wide CI 225 range. For reticular crest height, the wide variation in 95% CI was caused by a large captive male 226 included in the study as it had much higher crests (6 mm) than any other giraffe in the study (1.0 -227 2.5 mm). If this outlier was excluded from the data set, reticular crest height was no longer correlated 228 to BM (see footnote in Table 2 ). Excluding this male, captive giraffes (n = 2, range: 1.2 -2.0 mm) 229 did not seem to have higher reticular crests than wild giraffes (n = 15, range: 1.0 -2.5 mm). Though 230 not statistically testable, this is contrary to the findings of Hofmann and Matern (1988) who found 231 that two captive giraffes had higher and more subdivided crests compared to wild giraffes, and 232 described this finding as resembling that of grass-eating intermediate feeding ruminants. For wild 233 giraffes, Hofmann (1973) noted reticular crest heights of 1 -3 mm, as observed in this study. The 234 scarcity of data does not allow conclusions about an influence of captivity on this measure; it is 235 simply noted that outlying values have been reported for reticular crest height in captive giraffes. 236
Although this study includes data from a total of 38 giraffes, data from very young animals (<1 year 237 of age), as well as from very large animals (>900 kg), were few in the data set. This should be kept in 238 mind when predicting the size of a given anatomical measure from the BM of a giraffe, especially if 239 the regression line is extrapolated to animals beyond the BM range covered in the data set. species, while the same is true for 50% of the browsing species. This makes the data set very 291 vulnerable to naturally occurring biological variation, as was seen in this study (parotid glands 292 weighed 222 ± 125 g, Table 6 ). Thus, data from a larger number of individuals of the various species 293
should be added to the data set to confirm the hypothesis of salivary gland dichotomy between 294 feeding types. 295
When compared solely to domestic cattle over a range of body masses, i.e., ranging from calves to 296 adult animals, giraffes had lower tissue weight of all stomach compartments (all p-values <0.001, 297 
